Doping of semiconductor nanocrystals is an important problem in materials research. Using infrared and x-ray photoelectron spectroscopy, we have observed Cu acceptor dopants that were intentionally introduced into ZnO nanocrystals during growth. The incorporation of Cu 2+ dopants increased as the average diameter of the nanocrystals was increased from ϳ3 to 6 nm. Etching the nanocrystals with acetic acid revealed a core-shell structure, where a lightly doped core is surrounded by a heavily doped shell. These observations are consistent with the trapped dopant model, in which dopant atoms stick to the surface of the core and are overgrown by the nanocrystal material. © 2010 American Institute of Physics. ͓doi:10.1063/1.3486060͔ Nanoscale semiconductors provide potential advantages over their bulk counterparts. The electronic and optical properties can be tuned by varying the size of the nanocrystal, due to quantum confinement.
While semiconductor nanocrystals have received significant attention, comparatively little is known about the fundamental properties of dopants in these materials. In practice, the introduction of uniform doping levels is difficult. [7] [8] [9] As discussed by Norris et al. 10 three models are used to explain doping of nanocrystals. The Turnbull model 11 assumes that the dopant concentration in a nanoparticle is the same as in the bulk. Due to the small size of nanoparticles, many of them will contain zero or one impurity. Two competing models attempt to explain why some nanocrystals, such as CdSe:Mn, are difficult to dope. The self-purification model 12 posits that the formation energy of impurities increases as the nanocrystal diameter decreases, reducing the solubility. The trapped dopant model, 13 in contrast, states that the atoms must adsorb onto a crystal facet in order to be overgrown and incorporated into the nanocrystal. In that model, the atom-facet "stickiness" and surface kinetics govern the doping level.
In the present work, we addressed the question of nanocrystal doping by investigating the doping level of Cu in ZnO as a function of nanocrystal size. Cu acceptors have been studied extensively in bulk ZnO and are therefore, a model system for investigating doping of nanocrystals. Cu substitutes for Zn and introduces electronic levels into the band gap.
14 The Cu 2+ ion is in the 3d 9 state. Since there is one unfilled d orbital, the hole can undergo intra-d transitions. In a cubic crystal, the lowest-energy transition is from the T 2 to the E state. Since ZnO is wurtzite, however, the defect has C 3v symmetry and the states split into several components. 15 This splitting gives rise to infrared ͑IR͒ absorption peaks at 5782 and 5820 cm −1 . 16, 17 The synthesis procedure for ZnO nanocrystals followed the method described in Ref. 18 , which uses a chemical reaction between zinc acetate and LiOH. Instead of using pure zinc acetate as a precursor, Cu-doped zinc acetate crystals were prepared by dissolving of 25 g of Zn͑CH 3 COO͒ 2 ·2H 2 O and 1.0 g of Cu͑CH 3 COO͒ 2 in 50 ml of water at 80°C. The solution was cooled down to room temperature and kept for 1 day to allow the crystal to grow. Then, the crystals were collected and dried at room temperature. In a typical procedure for growing ZnO nanocrystals, 1.1 g of zinc/copper acetate and 0.29 g of LiOH were dissolved in 50 ml of ethanol solution at 50°C separately. The solutions were cooled down to 0°C in an ice bath. The LiOH solution was added into zinc acetate solution slowly. The mixture was then aged at room temperature to allow the nanocrystals to grow. The ZnO nanocrystals were precipitated by adding heptane to the ethanol solution. The precipitates were collected and dried at room temperature.
X-ray diffraction ͑XRD͒ spectra were obtained with a Siemens D-500 powder diffractometer with the Cu K ␣ x-ray line ͑1.54 Å͒. Room-temperature photoluminescence ͑PL͒ spectra were obtained with a cw-Kimmon laser with an excitation wavelength of 325 nm and a JY-Horiba microRaman/PL T64000 high-resolution triple monochromator. For the IR absorption measurements, the ZnO:Cu nanocrystals were mixed with KBr powder ͑50:50 wt %͒ and pressed into thin pellets. The same amounts of powder and compression were applied, in order to obtain a uniform thickness and sample density for all pellets. The samples were mounted inside a liquid-helium cooled cryostat and IR absorption spectra were taken at 10 K. A Bomem DA8 Fourier transform IR spectrometer and an InSb detector were used. The instrumental resolution was 1 cm −1 and the spectra were averaged over 1000 scans. X-ray photoelectron spectroscopy ͑XPS͒ was performed with a Physical Electronics Quantum 2000 Scanning Microprobe with Al K ␣ x-rays.
The XRD patterns of ZnO:Cu nanocrystals are presented in Fig. 1 . The ͑100͒, ͑002͒, and ͑101͒ diffraction peaks arise from the wurtzite crystal structure of ZnO. Their narrowing with longer aging time is consistent with an increase in the average nanocrystal size. We modeled the diffraction peaks as Gaussian functions, keeping the positions and relative intensities of the diffraction peaks fixed but varying the width. The Scherrer formula was used to determine the particle coherence length L,
where is the x-ray wavelength, B is the full width at half maximum of the peaks in the intensity-versus-2 plot, and is the Bragg diffraction angle ͑ϳ17°͒. 19 Assuming spherical particles, the diameter d is given by
This analysis yielded diameters of ͑a͒ d = 2.9 nm, ͑b͒ d = 4.0 nm, and ͑c͒ d = 5.6 nm. The etched nanocrystals ͑d͒ had an estimated average diameter of ϳ4 nm.
The main PL lines of the nanocrystals exhibited a significant blueshift relative to that of a bulk ZnO reference sample, 20 due to quantum confinement ͑Fig. 2͒. This result is supported by a redshift in band-edge emission of PL spectra with an increase in nanocrystal size. 18 The PL spectra for the 2.9 and 4.0 nm nanocrystals both exhibit an additional low energy peak at 3.39 eV, which coincides with the PL peak of the 5.6 nm sample. This spectral feature may be a result of an inhomogeneous size distribution.
The IR absorption spectra of ZnO:Cu nanocrystals aged for different duration are presented in Fig. 3 . In smallest particles ͑2.9 nm͒, there is essentially no Cu 2+ absorption. This result is consistent with earlier work that showed a low level of dopant concentrations in nanocrystals. 10 For the larger ZnO nanocrystals, however, absorption peaks are observed at frequencies of 5787 and 5828 cm −1 , a clear signature of Cu 2+ at substitutional Zn sites. The intensities of these absorption peaks increase with nanocrystal size, suggesting that Cu 2+ impurities dope the outer shell more than the inner core. The aging times were ͑a͒ 2 h, ͑b͒ 18 h, and ͑c͒ 43 h. These times correspond to nanocrystal diameters of 2.9 nm, 4.0 nm, and 5.6 nm, respectively. Spectrum ͑d͒ was a 43 h sample that was then etched with acetic acid. The asterisk ͑ ‫ء‬ ͒ denotes zinc acetate residue that remain from the etching process ͑Ref. 22͒. Smooth lines are a fit to the data using Gaussian peaks. To test this core-shell model, a chemical etching process 21 was applied to remove the Cu-doped layer. Three drops of anhydrous acetic acid were added to 20 ml of a nanocrystal-dispersed solution that had been aged for 43 h. The etching was allowed to proceed for 15 min. Then, XRD and IR spectra were obtained for the etched particles. The XRD pattern ͓Fig. 1͑d͔͒ confirms the decrease in size of the etched particles. ͑An XRD peak from the zinc acetate residue was also observed. 22 ͒ As seen in the IR absorption spectrum ͓Fig. 3͑d͔͒, the intensity of Cu 2+ absorption decreases significantly upon etching. This observation indicates the removal of a heavily Cu-doped outer layer, consistent with the coreshell model. XPS spectra show a Cu 2p 3/2 peak at 932.5 eV ͑Fig. 4͒, in all samples. This peak energy is a characteristic signature for Cu 1+ or Cu 0 impurities. Cu 2+ peaks, which should occur at the high-energy shoulder, 23 were below the detection threshold. Therefore, the majority of Cu atoms in the samples appear to be in the 1+ or neutral oxidation state. These Cu atoms may exist in the form of Cu metal clusters, Cu 2 O precipitates, or Cu atoms on the ZnO nanocrystal surfaces. The Cu 2p 3/2 peak intensity is normalized to the Zn 2p 3/2 intensity, as shown in the inset of Fig. 4 . It is clear that the Cu 1+ or Cu 0 concentration is highest for the smallest nanocrystals. We propose that this is due to Cu atoms that are not incorporated as dopants. As the nanocrystals increase in size, more Cu atoms become incorporated as Cu acceptors, leading to an increase in the IR signal ͑Cu 2+ ͒ and a decrease in the XPS signal ͑Cu 1+ or Cu 0 ͒. A schematic diagram of this process model is shown in Fig. 5 .
In conclusion, we have provided unambiguous evidence of Cu dopants in ZnO nanocrystals. IR and XPS measurements indicate that the concentration of substitutional Cu acceptors increases with nanocrystal size. By etching the nanocrystals, we provided evidence of a core-shell structure, where the core ͑ϳ3 nm diameter͒ is lightly doped and the outer shell is heavily doped. Our observations are consistent with the trapped dopant model, in which dopants sticking to the surface become overgrown and incorporated into the nanocrystal. An alternate explanation may be that, due to surface donor states, 24, 25 the smallest nanocrystals contain Cu acceptors that are in the 1+ oxidation state. Such surface states could be significant in ZnO nanocrystals, which have a high surface-to-volume ratio. 
